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Abstract. The standard cosmological scenario includes untested assumptions about
the Universe before Big-Bang Nucleosynthesis. Within non-standard cosmological
scenarios, in which these assumptions are changed, neutralinos in almost all
supersymmetric models can have the dark matter density. We compare neutralino
direct detection rates in standard cosmologies with those derived assuming that
neutralinos always have the dark matter density. In this latter case, we find many
more models within the reach of future direct dark matter detection experiments.
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The lightest neutralino is one of the best motivated dark matter candidates. It is
neutral, stable, weakly interacting and its relic density may coincide with the observed
dark matter abundance (see e.g. [1]). The standard computation of the relic density
assumes that neutralinos are produced thermally, i.e. by scatterings in the thermal bath,
then reach equilibrium and finally decouple, at the neutralino freeze-out temperature,
when non-relativistic. The standard computation of the relic density relies also on the
assumption that the entropy of matter and radiation is conserved. The cosmological
density Ωχ of the neutralino with these standard cosmological assumptions is a function
of the supersymmetric model parameters, and it has been computed theoretically to
high precision. Given also the high precision reached in the determination of the dark
matter content of the Universe ΩDM , viable supersymmetric models are usually required
to satisfy the dark matter constraint, Ωχ = ΩDM , and this requirement severely restricts
the parameter space of supersymmetric models. Models with Ωχ > ΩDM are rejected.
Models with Ωχ < ΩDM , though viable, are disfavored because they cannot explain the
bulk of the dark matter. In minimal supergravity models (mSUGRA), for instance,
within standard cosmological scenarios, the dark matter constraint can be fulfilled in
only four regions. Because the bino-like neutralino typical of mSUGRA has a small
annihilation rate in the early Universe, its relic density tends to be larger than observed.
At the end, the requirement Ωχ = ΩDM is found to be satisfied along narrow regions: the
“bulk” (with a light neutralino and tight accelerator constraints), the “coannihilation
region” (where the stau is almost degenerate with the neutralino and coannihilation
effects suppress the relic density), the “funnel region” (where mχ ≃ mA/2 and resonance
effects enhance the χ-χ annihilation rate) and the “focus point region” (where the
neutralino acquires a non-negligible higgsino fraction). Accounting for the dark matter
provides, in fact, the most stringent constraint on mSUSY models, well over precision
data or accelerator searches (see e.g. [2]).
The standard computation of the relic density relies on assumptions on the
cosmology before Big Bang Nucleosynthesis (BBN), at temperatures above T ∼ 1MeV,
which so far cannot be tested. In particular, the first temperature of the radiation
dominated epoch before BBN is assumed to be high enough for neutralinos to reach
kinetic and chemical equilibrium. Also the entropy of matter and radiation is assumed
to be conserved. There are, however, non-standard cosmological models in which these
assumptions do not hold. These include models with gravitino [3] or moduli [4] decay,
Q-ball decay [5], thermal inflation [6], the Brans-Dicke-Jordan [7] cosmological model,
models with anisotropic expansion [8] or quintessence domination [9]. In all these models
the neutralino relic density Ωχ may differ from its standard value Ωstd.
In non-standard cosmological scenarios, the neutralino relic density Ωχ may be
larger or smaller than Ωstd. Smaller densities are usually the result of an episode of
entropy production that dilutes the neutralino abundance. Larger densities are due
either to additional contributions to the expansion rate of the Universe, or to non-
thermal neutralino production mechanisms. A common feature of these non-standard
scenarios is that they introduce new parameters that can be adjusted to modify the
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neutralino relic density. For example, in the case of a scalar field φ whose late
decay reheats the Universe to a low reheating temperature, there are two additional
parameters. The reheating temperature in these models can be lower than the standard
neutralino freeze-out temperature without spoiling primordial nucleosynthesis [10]. Such
scalar fields are common in superstring models where they appear as moduli fields.
In these models, the decay of φ into radiation increases the entropy, diluting the
neutralino number density. Instead, the decay of φ into supersymmetric particles,
which eventually decay into neutralinos, increases the neutralino number density.
This is a non-thermal neutralino production mechanism. Both thermal and non
thermal production mechanisms in these models have been discussed in the literature
[4, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. In these non-standard cosmological models it
has been shown that practically all neutralinos can have the density of the dark matter,
provided the right combination of two parameters can be achieved in the high energy
theory: the reheating temperature, and the ratio of the number of neutralinos produced
per φ decay over the φ field mass [19, 20].
Without entering into the details of all non-standard cosmological models, we
would like to understand what impact they could have in direct dark matter detection
searches. Since almost all neutralinos can be brought to have the dark matter
density in some of the non-standard cosmological models models we will assume that
Ωχ = ΩDM independently of the supersymmetric model. It is obvious that the viable
supersymmetric parameter space is different with this assumption than within the
standard cosmological scenario. Neutralinos which would be overdense in the standard
scenario may now be allowed, which increases the number of detectable supersymmetric
models. Neutralinos which would be underdense in the standard cosmology may now
have the right dark matter density and, as a result, their interaction rate at detectors
would not be penalized by a small neutralino halo fraction f = Ωχ/ΩDM . By assuming
Ωχ = ΩDM we establish the potential of future dark matter detectors in probing the
parameter space of supersymmetric models in a cosmology-independent setup.
In this paper we used 7×104 Minimal Supersymmetric Standard Models (MSSM)
whose standard relic density as function of the neutralino mass is shown in Figs. 1
and 2. These two figures show exactly the same models. The only difference is that in
Fig. 2 the neutralino composition, i.e. its bino-like, wino-like or higgsino-like character,
is indicated.
In the MSSM, neutralinos are linear combinations of the fermionic partners of
the neutral electroweak bosons, called bino (B˜0) and wino (W˜ 03 ), and of the fermionic
partners of the neutral Higgs bosons, called higgsinos (H˜0u, H˜
0
d). We assume that the










Because the neutralino interactions are determined by its gauge content, it is useful to
distinguish between bino-like, wino-like, and higgsino-l















Figure 1. The standard neutralino relic density Ωstd as a function of the neutralino
mass. Each square, circle or dot denotes the regions in a rectangular grid where there
are overdense neutralinos, underdense neutralinos or neutralinos with just the right
dark matter density, respectively. This is the same convention used in Figs. 3 and 5.
dominant term in (1).
Bino-like neutralinos (shown with pink triangles in Fig. 2) annihilate mainly into
fermion-antifermion pairs through sfermion exchange. Such annihilation cross-section is
helicity suppressed and gives rise to a standard relic density that is usually larger than
observed. Agreement with the observed dark matter abundance can still be achieved
in standard cosmological scenarios but only in restricted regions of the parameter space
where special mechanisms such as coannihilations or resonant annihilations help reduce
the relic density. Bino-like neutralinos are a generic prediction of minimal supergravity
models.
Wino-like and higgsino-like neutralinos (shown Fig. 2 with black dots and green
circles, respectively) annihilate mostly into gauge bosons (W+W−, ZZ, if kinematically
allowed) through neutralino or chargino exchange; otherwise they annihilate into
fermions. Due to coannihilations with neutralinos and charginos of similar mass, their
standard relic density is rather small. Neutralino masses as large as 1 TeV for higgsinos
or 2 TeV for winos are required to bring their thermal density within the observed
range as can be seen in Fig. 2. Wino-like and higgsino-like neutralinos can be obtained
in models with non-universal gaugino masses; AMSB models, for instance, feature a
wino-like neutralino.














Figure 2. Same as Fig. 1 but the bino, wino or higgsino character of neutralinos
is shown (in pink, black and green respectively). The horizontal band indicates the
measured dark matter density range
We consider a class of MSSM models defined in terms of the parameter set M3,
M2, M1, mA, µ, tan β, m0, At, and Ab. Here Mi are the three gaugino masses, mA
is the mass of the pseudoscalar higgs boson, and tanβ denotes the ratio v2/v1. The
soft breaking scalar masses are defined through the simplifying ansatz MQ = MU =
MD =ME =ML = m0 whereas the trilinear couplings are given by AU = diag(0, 0,At),
AD = diag(0, 0,Ab), and AE = 0. All these parameters are defined at the weak scale.
Specific realizations of supersymmetry breaking such as mSUGRA, mAMSB or split-
SUSY are similar to - though not necessarily coincide with - particular examples of these
models.
We performed a random scan of such parameter space within the following ranges
10 GeV < Mi, mA, µ < 50 TeV (2)
10 GeV < m0 < 50 TeV (3)
−3m0 < At, Ab < 3m0 (4)
1 < tan β < 60 (5)
A logarithmic distribution was used for Mi, mA, µ and m0, and a linear one for At, Ab,
and tanβ; the sign of µ was randomly chosen. Accelerator constraints (as contained in
DarkSUSY version 4.1 [21]) were imposed on these models. Since the density of models
so obtained does not have physical relevance, in our figures we do not show a dot for


















Figure 3. Spin-independent neutralino-proton cross section σSI multiplied by the
neutralino halo fraction f = Ωstd/ΩDM in the standard cosmological model for the
same supersymmetric models in Figs. 1 and 2. It is the product fσSI the interaction
rate depends on. Color code as in Fig. 1 indicates the standard abundance. The solid
line indicates the CDMS II present limit [23]. The dashed lines show sensitivity limits
for -from top to bottom on the right- CDMS II, ZEPLIN IV , XENON-1Ton, and
SuperCDMS phase C [24].
each model, but instead each dot (square, circle or triangle, depending on the figure)
denotes a cell in a rectangular grid in which there are models.
In Figs. 1 and 2 the standard relic density is shown as a function of the neutralino
mass. In Fig. 1 each cell of a rectangular grid in which there are models are shown with
blue squares for neutralinos which are overdense in standard cosmologies (and would be
rejected), with red circles for neutralinos which are underdense in standard cosmologies,
and with black dots for neutralinos with standard densities within the measured dark
matter density range Ωstd = Ωdmh
2 = 0.109+0.003
−0.006. This is the dark matter range obtained
for a ΛCDM model with scale-invariant primordial perturbation spectrum through
a global fit of cosmic microwave background, supernovae, and large scale structure
data [22]. This range corresponds to the horizontal band in Fig. 2. To be more specific,
the blue squares Fig. 1 indicate cells with models whose standard relic abundance is
Ωstd > 0.115, and the red circles cells with models whose standard relic abundance
is Ωstd < 0.097. Notice, from the figure, that overdense models clearly outnumber
underdense ones, and that there are not underdense models with mχ > 2 TeV. It can



















Figure 4. Spin-independent neutralino-proton cross section σSI multiplied by the
neutralino halo fraction f = Ωstd/ΩDM in the standard cosmological model. Same as
in Fig. 3 but indicating the dominant neutralino composition. Color code as in Fig. 2.
also be seen that, in our sample, the neutralino relic density varies between 106 and
10−4.
In Fig. 2 the same models of Fig. 1 are shown, and again each symbol indicates
the presence of models within a cell, but the bino, wino or higgsino character of the
neutralinos are given (with pink triangles, black dots and green circles respectively). We
see that the overdense models (those above the horizontal band) typically feature a bino-
like neutralino, with a small fraction of heavy Higgsino-like and Wino-like neutralinos.
Underdense models, on the contrary, usually contain a light Higgsino-like or Wino-
like neutralino, with a non-negligible sample of light binos also present. Even though
figures 1 and 2 contain the same points, they offer complementary information on
the characteristics of the models. This complementarity between the classifications
acccording to the relic density and to the gauge composition will be more apparent in
the next figures.
The neutralino interaction rate in direct dark matter detection experiments is
proportional to the product of the neutralino nucleus cross section and the number
density of neutralinos passing throught the detector. For neutralinos with spin
independent interaction this product is proportional to the product σSIf of the
neutralino-proton cross-section and the halo fraction. We assume that for collisionless
cold dark matter (such as neutralinos) the halo fraction coincides with the neutralino



















Figure 5. Spin-independent neutralino-proton cross section (we assume that the
neutralino halo fraction can always be made to be f = 1 in non-standard cosmological
scenarios). The cross section σSI replaces the σSIΩstd/ΩDM factor shown in Fig. 3 for
standard cosmologies. Same color code as in Fig. 1.
fraction of the dark matter at large scales, namely the neutralino relic density over the
total dark matter density, i.e. f = Ωχ/Ωdm. When the neutralino relic density is within
the measured dark matter range, above it (so neutralinos are rejected) or below it, the
halo fraction is respectively f = 1, f = 0, and f is computed by dividing Ωχh
2 by the
lowest value of the observed dark matter density range.
Figs. 3 and 4 show the values of the product σSIf in standard cosmological models,
i.e. with f = Ωstd/ΩDM , using the standard neutralino relic density values of the
previous figures. The color code of the regions with models is the same as in Fig. 1 and
Fig. 2 respectively. The absence of blue regions in Fig. 3 indicates that all overdense
neutralinos are rejected by the dark matter constraint. For comparison, we also show
the current limit from the CDMS II experiment [23] as well as the expected sensitivity
of CDMS II, ZEPLIN IV , XENON-1Ton, and SuperCDMS phase C [24]. Notice that
our sample of points is limited near the upper envelope and only few of our points are
within the expected sensitivity of the CDMS II experiment.”
Non-standard cosmologies, however, might modify this picture. To be as general
as possible, we assume that the neutralino relic density in non-standard cosmological
models can always be adjusted to lie in the observed range, independently of the
supersymmetric spectrum or the standard value of the relic density. In other words,



















Figure 6. Spin-independent neutralino-proton cross section (we assume that the
neutralino halo fraction can always be made to be f = 1 in non-standard cosmological
scenarios). The cross section σSI replaces the σSIΩstd/ΩDM factor shown in Fig. 3 for
standard cosmologies. Same color code as in Fig. 2.
f = 1 can be ensured. This might not be always possible in specific models, though.
In quintessence domination models [9], for instance, the relic density is always larger
than in the standard scenario. Consequently, only models which would be underdense
in the standard cosmology could be brought into the measure dark matter range. In
other models, such as moduli decay (see e.g. Refs. [19, 20]), almost all neutralinos can
be brought to have the right dark matter density. Moduli decay models, therefore, are
the prototype model where our assumption is always guaranteed.
Assuming neutralinos have always the right dark matter density, the assumed halo
fraction is always f = 1, thus the product σSI(Ωstd/ΩDM) shown in Figs. 3 and 4 must
be replaced by just σSI , which is shown in Figs. 5 and 6 as function of the mass. The
models included and symbol codes are the same as in the previous figures. In Fig. 5, the
black dots, corresponding to models which already have the right dark matter density
in the standard cosmology, are the same as in Fig. 3 but many of the red circles have
moved upwards with respect of their location in Fig. 3 and we see also blue squares
(absent in Fig. 3).
The models (blue squares) in which neutralinos are overdense in the standard
cosmologies were absent in Fig. 3 because they were rejected. These models populate
all the region between σSI ∼ 10
−7pb and σSI ∼ 10
−16pb in Fig. 5 for neutralino masses
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between 50 GeV and 5 TeV. None is presently excluded and just few lighter than 100
GeV are within the expected sensitivity of CDMS II. Most of them, indeed, lie well
below the expected sensitivity of 1-ton detectors. This fact is not surprising. A small
neutralino scattering cross section is usually correlated with a small annihilation cross
section and, thus, with a large standard relic abundance (which is inversely proportional
to the annihilation cross section in the early Universe). In any event, only blue squares
populate the region of neutralinos heavier than 3 TeV which could be detected in a
1-ton experiment.
Models in which neutralinos are underdense in the standard cosmology, indicated
with red circles, have moved upward in Fig. 5 with respect to Fig. 3. Since now f = 1
for all of them, the product σSI(Ωstd/ΩDM) < σSI shown in Fig. 3 is be replaced by
just σSI in Fig. 5. Thus the interaction rates increase. Fig. 5 shows that the increase in
the neutralino interaction rate is significant for neutralino masses mχ ∼< 400 GeV, and
more modest for heavier neutralinos, up to mχ ≃ 1 TeV. In fact, many models with
mχ ∼< 300 GeV are already excluded by the present CDMS II limit. Many more models
with mχ ∼< 400 GeV are within the future reach of CDMS II in Fig. 5 than in Fig. 3.
Comparing Figs. 4 and 6 we see that most of the models which have moved upwards in
the latter figure are higgsinos and winos, while the models which have appeared in the
latter figure, with masses above 1 TeV are higgsinos and binos.
To summarize, in this paper we compare the direct detection rate of MSSM
neutralinos in the standard cosmological model and assuming they all have the right
dark matter density, as is possible in non-standard cosmological models. Neutralinos
which are overdense in the standard cosmology are instead allowed in non-standard
cosmological scenarios and many of them could be detected by CDMS II (if lighter than
100 GeV) or other direct dark matter experiments, although most are found to have
small interaction cross sections. Many neutralinos which would be rejected because
overdense could be detected by 1-ton experiments such as ZEPLIN IV , XENON-
1Ton, and SuperCDMS phase C, even with masses larger than 2 TeV. In the standard
cosmological model we do not find neutralinos heavier than 2 TeV. Neutralinos which
are underdense in the standard cosmology have larger interactions rates in non-standard
cosmological scenarios. For many of them the interaction rates increase by more than
one order of magnitude. This increases considerably the number of models within the
reach of CDMS II (mostly for neutralinos lighter than 400 GeV) and other direct dark
matter searches. Some models, in fact, are already ruled out by the present limit.
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